Abstract-Fine needle deflection is a problem encountered during insertion into a soft tissue. Although an axial rotational insertion is an effective approach for minimizing this problem, needle deflection still depends on the insertion angle with respect to the tissue boundary. Since the human body consists of multilayered tissues of various shapes and mechanical properties, preoperative planning of an optimal path is a key factor for achieving a successful insertion. In this letter, we propose an optimization-based preoperative path planning model that minimizes needle deflection during multilayered tissue insertion. This model can determine the optimal path based on the sum of insertion angles with respect to each tissue boundary that the needle passes through. To increase the accuracy of the model, we incorporated the effect of distances from tissue boundaries and the probability that the deflection is acceptable by incorporating weighting factors into the model. To validate the model, we performed experiments involving four scenarios of two-and three-layered tissues. The results showed that the proposed model is capable of determining the optimal insertion path in all scenarios.
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I. INTRODUCTION
R ECENTLY, percutaneous needle insertion has become a common procedure in place of open surgery, particularly for biopsies of abdominal tumors, breast cancer, and prostate cancer [1] . Tissue damage, risks of complications, and patient trauma can be reduced significantly by using a fine needle of thinner than 25 gauge or thinner. Meanwhile, it is difficult to insert the fine needle into a target because the needle is deflected easily. In particular, the procedure in which the needle needs to pass through multi-layered tissues, such as the lower abdomen, requires proficient skills because of complex deflections that often occur. There have been many studies aiming to assist Manuscript received September 10, 2017 percutaneous needle insertion using robotic systems for targeting the prostate, liver, and breast [2] - [4] . However, there are few studies focusing on multi-layered tissues, such as the lower abdomen. In the case of needle insertion into multi-layered tissues, CT (Computerized Tomography) and MRI (Magnetic Resonance Imaging) are typically used as medical image guidance modalities for making a preoperative insertion path plan and placing the needle tip in the proper anatomical position during insertion. Both imaging modalities can provide high-resolution and low-noise images compared to ultrasound imaging. In particular, it is difficult to apply ultrasound imaging to an area containing air, such as the intestine and lungs. Meanwhile, with both, CTs and MRIs, it is difficult to track the needle and target position in real time as is the case for ultrasound imaging. Continuous CT scans could provide real time needle tip positioning information, but the patient's radiation exposure is increased. MRIs typically require longer times for a single scan compared to a CT scan. Therefore, a preoperative insertion path plan based on CT and/or MRI imaging, which determines an accurate path for the needle tip to reach the appropriate target, has a benefit in cases involving multi-layered tissues. Needle steering, a needle insertion technique that controls the needle trajectory by rotating a bevel-tipped flexible needle, has been widely studied by many researchers [5] . The benefit of needle steering is to efficiently avoid anatomical obstacles, such as bones and sensitive structures (blood vessels or nerves). Meanwhile, applying needle steering to these cases is challenging because there is less feedback information with CTs and MRIs. Needle steering could be controlled by closed-loop planning coupled with ultrasound imaging [6] . Although some researchers have proposed deflection models for open-loop steering [7] - [9] , it is challenging to accurately estimate the needle tip deflection because the multi-layered tissue is composed of several layers with different mechanical properties, causing complex deflection patterns. To estimate the real time needle shape during insertion, fiber Bragg grating (FBG) sensors are often used. However, there are still some problems embedding the sensors into fine needles, in addition to increased complexity of the system setup and the system cost [10] . Although an electromagnetic position tracking sensor can visualize needle shapes, the accuracy is uncertain because of possible ferrous materials in the sensor workspace. It is difficult to embed the sensor into fine needles [11] .
Previously, we proposed an approach that facilitates the straight insertion of the fine needle by minimizing needle tip deflection [12] , [13] . As an insertion method for minimizing needle tip deflection and targeting errors, needle insertion with axial rotation is a common approach [14] - [16] . We showed that needle insertion with a bidirectional rotation, which involves switching the rotational direction 360°clockwise and counterclockwise, can minimize both the needle deflection and tissue damage [17] . However, in our previous work, we also found that some deflection still occurs even when using the bidirectional rotational insertion method when the needle is inserted at an angle to the tissue surface, even though there is less deflection when inserting the needle perpendicularly to the tissue surface [13] . Additionally, in order to minimize the needle deflection when using an axial rotational insertion, a preoperative plan that considers the insertion angle is necessary.
In this letter, we developed a preoperative needle insertion path plan for minimizing needle deflection during insertion into multi-layered tissues. The main contribution of this letter is a novel optimization-based preoperative path planning model for percutaneous needle insertion into multi-layered tissue. It accounts for needle deflections occurring as a result of insertion angles at each tissue boundary that the needle passes thorough. As a practical advantage of the proposed method, it is expected to reduce sensing cost during needle insertions such as mostly radiation dose for CT because of minimizing the number of shots.
II. PREOPERATIVE INSERTION PATH PLANNING

A. Concept of Insertion Path Planning
In this section, we describe the planning method for the automatic definition of optimal needle insertion positions and angles for minimizing the needle tip deflection using an insertion with axial rotation. For an ideal tissue layer where the needle is aligned with the target, as shown in Fig. 1(a) , the optimal insertion path can be determined to pass through each boundary vertically. Meanwhile, in the case of a real tissue layer that is aligned at a random angle, as shown in Fig. 1(b) , it is necessary to consider each angle between the insertion path direction and the tissue boundaries in order to decide the optimal insertion path. This is because these angles may cause substantial deflections according to our previous research [13] .
To determine the optimal insertion path in a complex situation, we assume that the needle deflection can be minimized when the sum of each angle between the tissue boundary (or surface) and the insertion direction on a selected insertion path is minimized. By minimizing the sum of all the angles, this is expected to cancel out the effect of deflection in each tissue layer during insertion. In addition, some factors cause deflection, such as tissue stiffness, non-homogeneity, and insertion distance. In order to account for those effects, a weighting factor is assigned to each angle. The proposed objective function f is defined as follows:
θ i represents the inter-vector angle between the normal vector to the tissue boundary and insertion direction vector at which the needle will contact the i-th tissue boundary, which is shown in Fig. 1(c) . Furthermore, w i represents the weighting factor at that time. Finally, n is the total number of layers that make up the multi-layered tissue. For example, in the case of the threelayered tissue shown in Fig. 1(b) , θ 1 , θ 2 , and θ 3 represent the inter-vector angles at the surface of tissue A, the boundary between tissue A and B, and the boundary between tissue B and C, respectively. Those inter-vector angles change depending on the initial insertion position and selected angle. The optimal position and angle can be determined by minimizing this objective function. In the following sections, we will describe how to determine the weighting factors for increasing targeting accuracy.
B. Tissue Boundary Distance
As one of the factors for causing a large deflection, the effect of the tissue boundary distance needs to be accounted for in the weighting factor. According to the previous research, the deflection was increased almost linearly depending on insertion depths [15] . Then, once deflection occurs at the tissue boundary, we assume that the final deflection differs depending on the distance between the tissue boundary and the target. For example, we compare two situations consisting of two-layered tissues with different boundary distances (L i ). These tissues are composed of layers with the same angles and tissue properties shown in Fig. 2 . The final deflection is linearly decreased as the difference between L i and the total insertion distance from an initial position to the target (L tar ) is decreased. This is the case if both deflection slopes in Fig. 2 can be approximated as almost equal. Thus, we define the effect of boundary distance as the following weight factor:
C. Deflection Probability
The deflection also differs as a result of the mechanical properties of the tissues, such as stiffness, viscoelasticity, and inhomogeneity. Although many researchers have focused on developing needle deflection models, there are no models that consider the effect of insertion angle between the tissue boundary and the insertion direction. According to our previous study, the main reason for increasing the deflection as a result of the insertion angle may be initial tissue deformation before puncturing the boundary [13] . Meanwhile, it has been reported that the analysis of the puncture phenomenon is still a challenging problem because this phenomenon varies even if the same insertion force and insertion distance are applied [18] . In addition, the puncture phenomenon may be more complex when inserting a needle using axial rotation with respect to the angle of the tissue boundary. Thus, it does not seem realistic to estimate deflection considering those uncertain factors. Therefore, instead of estimating the deflection value deterministically, we consider the probability that the deflection occurs as a result of the insertion angle and mechanical properties of the tissues. By considering the probability, the effect of those uncertain factors, which are difficult to be included as deterministic parameters, can be effectively captured in the path planning.
As shown in Fig. 3(a) , deflection occurs with some variability, and an acceptable deflection depends on the boundary distance (L i ) and target size (r tar ). We assume that the deflection slope (ϕ i ) is approximately constant after puncturing the boundary because the main reason for deflection relates to the insertion angle and the initial tissue deformation such that the needle is inserted straight as a result of axial rotation after puncturing the boundary. We define the probability that the variable deflection slope (ϕ i ) is within the acceptable deflection slope (Φ i ) as deflection probability. In order to obtain the deflection probability, it is necessary to model a probability distribution for deflection occurrence at arbitrary insertion angles in each layer of a multi-layered tissue. By collecting deflection slope data at several insertion angles with each tissue type, we can generalize the probability distribution of deflection occurrences and define it as deflection probability distribution. The deflection probability can be expressed as a cumulative distribution function of the deflection probability distribution as follows: where p(θ i ) is the deflection probability, ϕ i is the deflection slope of the insertion angle at θ i , Φ i is acceptable deflection slope, and g(ϕ i ) is the deflection probability distribution (Fig.  3(b) ). We assume that the deflection probability distribution is derived from fitting experimental data to the Gaussian distribution model because the Gaussian distribution model is a standard method and it can be expressed with only two parameters. The deflection probability distribution can be expressed as follows:
where μ θi and σ θi are the mean and standard deviation of the deflection-slope at the insertion angle at θ i , respectively. By fitting those two parameters at arbitrary insertion angles from the experimental data (see Section III-B), the deflection probability distribution can be generalized using the Gaussian distribution model. With the Gaussian distribution model generalized in each layer of a multi-layered tissue, (3) of the deflection probability in each tissue can be replaced with (4) as follows:
The deflection probability means that the probability that the value for the deflection occurrence is within acceptable ranges. In short, the probability approaches approximately 100% when the insertion angle approaches 0°. Since the score of the objective function should be small as each insertion angle decreases, we define the effect of deflection probability as an additional weight factor as follows: Therefore, combining the weight factors from (2) and (6), the objective function of (1) is defined as follows:
III. EVALUATION
In this section, we first present the experiment to fit the deflection probability. Next, the proposed path planning with the fitted deflection probability is verified.
A. Experimental Setup
The experimental setup used to insert fine needles into several soft tissues and biological tissue phantoms for measuring needle tip deflections is shown in Fig. 4 . The setup is composed of two parts: 1) a needle driver that has two degrees of freedom (DOF) for translation and rotation about the insertion axis [19] and 2) a Cartesian stage that has three DOFs for positioning the needle driver. A Flea2 FireWire 1394b CCD camera (FLIR Inc., Oregon, USA) is mounted above the setup for measuring needle tip position. The needle conditions are: material, stainless steel 304 (E 197 GPa); diameter, 25-gauge (ϕ 0.53 mm); length, 120 mm. The needle tip is beveled at 30°.
B. Fitting Deflection Probability
As mentioned in Section II-C, experimental data are used to generalize the deflection probability distribution to fit a Gaussian distribution model and derive the deflection probability. In this experiment, Polyvinyl chloride (PVC) is used as a soft tissue phantom, and fresh chicken meat is used as biological tissue. The PVC is made of mixing Super Soft Plastic and softener (M-F manufacturing, Texas, USA), and the phantom stiffness can be changed by altering the ratio of plastic to softener. We prepare two-way stiffness phantoms as follows: 75% of the plastic volume to 25% of the softener volume (E 150 kPa), 50% of the plastic volume to 50% of the softener volume (E 100 kPa) [20] . In order to mimic the membrane-like properties of biological tissues, 0.03-mm thick rubber sheets (McMasterCarr, Illinois, USA) are attached to the PVC surface with staples as shown in Fig. 5(a) . The sizes of PVC phantoms and biological tissues are 150 × 250 × 30 mm 3 and 90 × 120 × 30 mm 3 , respectively. Both tissues are contained in a plastic case (150 × 250 × 50 mm 3 ). Both sides and the back of the biological tissue are fixed with PVC as shown in Fig. 5(b) . In all experiments, the needle is inserted 100 mm into the tissues at an insertion speed of 2 mm/s, and rotational speed is set at 10 rpm (all parameters are set at the maximum value of the current setup). The rotational direction is alternated 360°clockwise and counter-clockwise to avoid winding up tissues [17] . We perform needle insertion at one of five initial insertion angles (0°, 10°, 20°, 30°, or 40°) for all tissues by rotating the phantom case based on baselines. The deflection-slope is calculated with respect to the arcsine of the insertion distance (100 mm), and the needle tip deflection is measured with the camera as shown in Fig. 5(c) . The number of trials is 12 for all conditions. Fig. 6 shows the results of the deflection-slope. The mean and standard deviation increase depending on the initial insertion angle in all tissues. The experimental data are fitted to a Gaussian distribution as shown in Fig. 7 . The values of parameters μ and σ are used to determine the shape of the Gaussian distribution, and these are listed in Table I . Both parameters increase non-linearly depending on the initial insertion angle. Therefore, in order to generalize parameters μ and σ at arbitrary insertion angles in each tissue, we apply second-order polynomial regression for fitting μ and third-order polynomial regression for fitting σ as shown below: Fig. 8 and Table II show the result of fitting the unknown coefficient a of the polynomial regression model with parameters μ and σ listed in Table I . Notice that all of the determination coefficients (R 2 ) of the regression model in all conditions are close to 1.0. We then use those fitted coefficients from (8) and apply them to (5).
C. Verification of Insertion Path Planning
To evaluate the performance of the proposed insertion path plan, we conducted experiments on several of the multi-layered tissues used in Section III-B. In this experiment, we prepared two scenarios consisting of two-layered tissue phantoms and two scenarios consisting of three-layered tissue phantoms. We performed insertions from ten needle entry positions. Angles included approximately -27°, -21°, -15°, -9°, -3°, 3°, 9°, 15°, 21°, and 27°based on a center vertical line to a target. Each of these experiments is shown in Fig. 9 . The ten needle entry positions are randomly chosen among the setup limitations. Each insertion angles are measured with lines of tissue boundary and insertion path connecting each needle entry positions and the target, and the objective function of (1) calculates the score for each needle entry positions with those calculated insertion angles. In order to verify the effect of the weight factor in the objective function, we compared four-way weight factors: (a) the proposed weight factor (w i = w Dist × w Prob ) (b) considering only insertion angle (w i = 1) (c) considering the tissue boundary distance (w i = w Dist ) (d) considering the deflection probability (w i = w Prob ). Notice that p tissue (θ i ) of (5) is calculated with those measured insertion angles. The minimum score should correspond to the optimal needle entry position. We verified this by comparing the calculated scores and needle tip deflections measured in these experiments. The target size (r tar ) is set to ±2 mm in this experiment [12] . Six trials are performed for each entry position for all experimental scenarios. Needle insertion conditions are same as in Section III-B. Fig. 10 shows the results of the needle tip deflection and scores of four-way objective functions. Table III shows the order of the deflection values and scores for all needle entry positions, and the concordance cases of the order are highlighted in all scenarios. Those results show similar relationships among deflections and scores for all entry positions, and the minimum deflection agrees with the minimum scores calculated by all objective functions in all scenarios. The concordance case rates of each objective functions in Scenario I-IV are below: (a) 70% (7/10), 50% (5/10), 40% (4/10), and 60% (6/10), (b) 60% (6/10), 10% (1/10), 40% (4/10), and 40% (4/10), (c) 70% (7/10), 10% (1/10), 40% (4/10), and 50% (5/10) and (d) 60% (6/10), 50% (5/10), 40% (4/10), and 60% (6/10) (as shown in Table III ).
D. Discussion
The results show that all objective functions can determine the optimal needle entry position in all tested scenarios. On the other hand, focusing on Table III, the concordance rates are changed depending on the weight factor and experimental scenarios. Looking at scenario I, the concordance rate is improved by applying w Dist compared to considering only insertion angle. Looking at scenario II and IV, the concordance rates are improved by applying w Prob compared to considering only insertion angle. However, the concordance rates are not changed by applying any weight factors in scenario III. Then, since we assume that the effect of weight factor may be changed depending on insertion situations, the accuracy of path planning can be improved robustly by combining the weight factor of tissue boundary distance and deflection probability. In addition, we confirm that the sum of insertion angle is a dominant factor for planning the optimal insertion path.
Meanwhile, there are still some mismatching orders for the score and deflection in all scenarios even under the condition of the proposed objective function. In the current model, we calculate each insertion angle (θ i ) based on a straight line connecting the entry point and target point in static conditions. However, each insertion angle may vary slightly because of deflection in the previous layer tissue. In order to improve the accuracy of the objective function, it is important to estimate the actual insertion angle. In addition, we did not consider the effect of previous layer tissues for obtaining the deflection probability in the current model. The deflection probability obtained in Section II-E is based on deflection as a result of the initial insertion angles at the tissue surface. In the case of the deflection occurrence at the tissue boundary, the needle shaft is supported by a previous layer tissue, but the deflection behavior may differ because of the stiffness of the previous layer of tissue [21] . In this experiment, we measured only final deflections between the target and needle tip. Then, it is necessary to track the real trajectory of needle in order to verify the effect of previous layer tissue. Moreover, the deflection probability may change as a result of insertion speed because some researchers reported that the puncture phenomena is related to the insertion speed [18] . In this letter, we choose only one-way values for needle insertion speed and rotational speed because the proposed path planning can determine the optimal path based primarily on the insertion angle. Thus, it is necessary to investigate whether the effect of the previous layer of tissue and needle insertion conditions are critical for determining deflection probability in the future. In addition, we defined deflection probability including all interactions between the tissue and needle in this letter. The accuracy will be further increased if more parameters such as tissue stiffness and non-homogeneity can be set in deflection probability.
Focusing on the results of optimal insertion positions, all optimal positions are determined to almost perpendicular insertion direction to the tissue surface (entry position: 5 or 6) in any experimental scenarios. As the reason of few differences of optimal insertion path regardless experimental scenarios, we consider the limitation of this multi-layered tissue phantom. Since the sum of insertion angles is the dominant factor for the path planning as we mentioned, the optimal positions in this multilayered tissue phantom are determined near the center positions in any experimental scenarios. Considering real situations, the tissue shape composing the multi-layered tissue is likely convex, although the tissue phantoms used in this experiment are almost flat shape. Then, the optimal insertion path may not be always determined as the perpendicular insertion direction to the tissue surface. In addition, since PVC phantom and chicken meat, used in this letter, are almost homogeneous, we will verify the proposed path planning with more realistic models including a lot of fibers such as a hog meat. Focusing on a lower abdominal insertion as in our recent work, needles have to pass several intestinal lumens, which are hollow organs and cause a different type of deflection compared to layered tissues [12] . With those realistic tissues, we consider that the deflection probability will be more effective because the variance of deflection may be increased due to the tissue characteristics. Therefore, we need to verify the proposed path planning in an environment mimicking real tissue characteristics and anatomical structures.
Looking at the results of needle deflections in each optimal path, although the deflections can be reduced compared to other insertion positions, some deflections still remain, especially in scenario IV. The deflections may be increased due to the number of layered tissues and the tissue stiffness. As our approach is to determine the optimal path passively as premises for the straight path connecting the initial entry position and target, the deflections are inevitable. On the other hand, the deflection will be minimized by planning the initial insertion angle for cancelling out the effect of deflection in each layered tissue actively. In order to perform the approach, it is necessary to consider deflection directions in the deflection probability and estimating the deflection probability including the effect of previous layer tissue, as we mentioned above.
IV. CONCLUSION
This letter describes an optimization-based preoperative path planning model for minimizing needle tip deflections in multilayered tissue insertions. The model can determine the optimal path based on the sum of each insertion angle to tissue boundaries that the needle passes through. In order to increase the accuracy of the model, we consider the effect of tissue boundary distance and the probability that a deflection occurrence is within an acceptable deflection as weighting factors in the model. The experimental results show that the proposed model can determine the optimal path in two-and three-layered tissues. In order to apply the proposed method to clinical cases, it will be necessary to measure the tissue boundary automatically from preoperative medical images such as CT or MRI for calculating the insertion angle and tissue boundary distance. In addition, the path planning should be modified to avoid dangerous areas such as artery.
